Renewable  and  Sustainable  Energy  Reviews  39  (2014)  546-554 


ELSEVIER 


Contents  lists  available  at  ScienceDirect 

Renewable  and  Sustainable  Energy  Reviews 

journal  homepage:  www.elsevier.com/locate/rser 


Impacts  of  unconventional  gas  development  on  China's  natural  gas 
production  and  import 


CrossMark 


Ting  Wang3,  Boqiang  Linb,c’* * 

a  Research  Center  for  Energy  Economics,  South  China  University  of  Technology,  Guangzhou  510641,  China 
b  Newhuadu  Business  School,  Minjiang  University,  Fuzhou  350108,  China 

c  Collaborative  Innovation  Center  for  Energy  Economics  and  Energy  Policy,  China  Institute  for  Studies  in  Energy  Policy,  Xiamen  University,  Fujian  361005, 
China 


ARTICLE  INFO 


ABSTRACT 


Available  online  2  August  2014 
Keywords: 

Unconventional  natural  gas 
Natural  gas  peak  production 
Natural  gas  imports 


China  has  become  a  net  importer  of  natural  gas  as  a  result  of  rapidly  increasing  consumption  in  recent  years. 
A  production  peak  would  exist  since  natural  gas  is  an  exhaustible  resource.  As  conventional  natural  gas 
production  peak  approaches,  the  development  of  unconventional  natural  gas  is  attracting  increasing  attention. 
China's  unconventional  natural  gas  reserves  are  abundant,  but  exploration  is  still  in  its  infancy  stage.  Thus,  with 
the  increasing  quest  for  low-carbon  development  and  China's  natural  gas  price  reform,  studying  the  impacts  of 
unconventional  gas  development  on  China's  natural  gas  supply  and  price  reform  under  different  scenarios  has 
practical  significance.  In  this  paper  we  predict  China's  natural  gas  production  trends  in  different  scenarios  and 
forecast  natural  gas  demand.  This  paper  concludes  that  the  exploitation  of  unconventional  natural  gas  will 
greatly  improve  China's  annual  natural  gas  production,  and  delay  the  production  peak  year.  This  is  important 
for  China's  natural  gas  supply  security  as  it  can  decrease  dependence  on  imported  gas.  Furthermore,  as  the 
cleanest  fossil  fuel,  it  will  enable  more  time  and  space  for  renewable  energy  development  given  the  many  costs 
and  controversies  surrounding  its  development  in  China. 
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1.  Introduction 

With  respect  to  low  carbon  development,  the  advantages  of 
natural  gas  are  obvious  compared  to  other  fossil  fuels.  Also,  it 
compares  fairly  with  many  kinds  of  renewable  energy  in  terms  of 
competitiveness.  It  is  true  that  the  share  of  renewable  energies 
such  as  biomass,  hydroelectricity  and  solar,  in  the  energy  structure 
has  been  increasing.  However,  traditional  fossil  fuels  are  still 
dominating  human’s  energy  consumption  and  this  situation  is 
likely  to  continue  for  a  long  time,  especially  in  developing 
countries  like  China.  The  popularity  of  renewable  energy  will  take 
time  because  of  cost  and  environment  controversy  issues,  and 
other  risks.  As  the  cleanest  fossil  fuel,  natural  gas  can  help  meet 
the  demand  for  cleaner  energy  in  many  sectors,  such  as  power 
generation  and  transportation.  The  use  of  natural  gas  has  been 
proven  to  be  reliable  and  cost-competitive,  and  the  potential 
deployment  of  new  technologies  like  the  Carbon  Capture  and 
Storage  (CCS)  could  continue  to  enhance  the  sustainable  environ¬ 
mental  advantages  of  natural  gas. 

As  the  world's  largest  emitter  of  greenhouse  gases,  and  because 
of  environment  degradation,  such  as  the  increase  of  hazy  weather, 
as  well  as  the  increasing  dependence  on  imported  oil  and  gas, 
China's  energy  consumption  is  currently  facing  greater  constraints. 

China's  current  energy  consumption  is  still  dominated  by  coal. 
Based  on  [1],  coal  accounts  for  68.5%  while  oil,  hydroelectric  and 
natural  gas  share  17.7%,  7.12%  4.7%  respectively  of  China's  energy 
consumption.  Though  the  proportion  of  gas  in  the  energy  struc¬ 
ture  is  less  than  most  developed  countries,  and  the  world  average 
(23.9%),  gas  consumption  growth  and  foreign  dependence  is 
increasing  rapidly.  Based  on  [2],  between  2001  and  2010,  average 
gas  consumption  growth  rate  was  16.07%,  and  China  had  become  a 
net  gas  importer  since  2007.  Its  foreign  gas  dependence  was  over 
30%  at  the  end  of  2013.  This  is  due  to  the  need  for  low-carbon  and 
low-cost  fuel  which  could  sustain  economy  growth,  as  large  scale 
development  of  renewable  or  clean  energies  still  needs  time. 

Natural  gas  demand  in  the  European  countries  grows  due  to 
the  fuel's  convenience  and  environmental  benefits  and,  conse¬ 
quently,  there  is  high  import  dependence  [3],  Based  on  Ref.  [4] 
China  could  become  the  second  largest  gas  importer  after  the  EU-27 
or  even  surpass  it.  She  is  expected  to  account  for  a  quarter  of  global 
gas  demand  growth  by  2035. 

With  the  rapid  growth  of  consumption  and  foreign  depen¬ 
dence,  gas  supply  security  is  getting  more  attention.  Hubbert  [5] 
proposes  that  for  any  non-renewable  resource,  its  production 
would  initially  go  through  a  stage  of  exponential  growth,  reach  a 
peak,  and  decrease  rapidly  until  depletion.  During  the  lifecycle  of 
the  resource,  the  production  curve  is  consistent  with  the  integral 
calculus  theory. 

Since  the  peak  theory  was  proposed,  a  number  of  geologists 
have  studied  global  and  regional  reserves  and  productions  of  oil, 
coal  and  natural  gas.  For  example,  UK  Energy  Research  Centre  [6] 
concluded  that  conventional  oil  production  peak  would  reach 
before  2030  or  possibly  2020.  Nashawi  et  al.  [7]  predicted  that 
oil  production  would  peak  in  2014.  Owen  et  al.  [8]  predicted  that 
oil  production  will  peak  before  2015.  IEA  [9]  predicted  that  a  peak 
would  be  reached  before  2020  due  to  severe  supply  growth 
constraints  beginning  in  2010. 

Similarly,  coal  peak  has  also  drawn  many  attentions.  Coal 
production  had  already  peaked  in  more  than  20  countries,  like 
Japan,  the  United  Kingdom,  and  Germany.  Milici  and  Campbell 
Elisabeth  [10]  adopted  the  life-cycle  method  and  demonstrated 
that  Virginia's  coal  production  was  in  a  post-peak  (depletion- 
driven  decline)  stage.  Mohr  and  Evans  [11]  adopted  a  model  which 
took  into  account  supply  and  demand  fundamentals,  and  con¬ 
cluded  that  worldwide  coal  production  peak  would  be  between 
2010  and  2048  or  2011  and  2047.  Lin  and  Liu  [12]  used  Logistic  and 


Gaussian  curves  to  predict  China’s  coal  peak,  and  the  results 
indicated  that  China's  coal  peak  would  be  between  late  2020s 
and  early  2030s. 

Natural  gas  also  has  peak  production.  Some  countries  have 
already  passed  their  natural  gas  production  peak.  In  Europe,  Italy’s 
gas  consumption  is  third  after  Germany  and  the  United  Kingdom. 
Italy's  natural  gas  production  peaked  in  1994  and  declined  there¬ 
after  while  her  consumption  grow  steadily,  thereby  substantially 
increasing  gas  imports.  Romania  reached  its  natural  gas  produc¬ 
tion  peak  in  1982,  and  her  consumption  decreased  correspond¬ 
ingly,  thereby  having  little  impact  on  import.  Gas  production  in 
the  U.K.  peaked  in  2000  while  her  consumption  declined  modestly 
in  recent  years,  making  her  a  net  gas  importer. 

For  natural  gas's  peak  production,  the  predictions  can  be 
different  and  difficult  due  to  the  existence  of  unconventional  gas. 
The  concept  “unconventional”  vary  with  the  passage  of  time  and 
technology  progress.  Ref.  [13]  defines  the  difference  between  a 
conventional  reservoir  and  an  unconventional  reservoir,  and 
points  out  that  unconventional  reservoirs  are  best  described  using 
the  Resource  Triangle.  From  the  current  point  of  view,  unconven¬ 
tional  gas  includes  tight  gas,  coalbed  methane,  shale  gas,  and 
possibly  methane  hydrate  in  the  future  ([14]). 

The  Dutch  government  claimed  that  its  natural  gas  would  reach 
peak  production  in  2007-2008,  and  the  nation  would  be  a  net 
importer  of  natural  gas  until  2025  ([15]).  From  historical  data,  the 
assertion  of  the  Dutch  government  is  right  as  the  country's  gas 
production  shows  a  declining  trend  after  2008.  However,  there  are 
also  counterexamples.  Hubbert  [5]  predicted  that  the  natural  gas 
production  of  the  U.S.  would  peak  in  1973  with  a  production  of 
about  39.64  bcm,  and  the  production  would  subsequently  decline. 
However,  due  to  the  discovery  of  reserves  in  the  Gulf  of  Mexico 
and  the  development  of  unconventional  natural  gas,  natural  gas 
production  of  the  U.S.  began  to  rise  again.  Reynolds  and  Kolodziej 
[16]  predicted  that  the  gas  peak  of  North  America  would  be 
reached  in  2013.  Based  on  recent  historical  data,  the  upward  trend 
seems  to  continue. 

For  the  world's  gas  production,  Bentley  [17]  predicted  that  global 
natural  gas  production  would  begin  to  decline  from  2020;  Edwards 
[18]  forecasted  that  conventional  gas  production  would  peak  at 
2.89  tcm  in  2040;  Zhang  et  al.  [19]  forecasted  that  natural  gas 
production  would  peak  at  3.45  tcm  in  2030-2035;  Campbell  and 
Heaps  [20]  modeled  natural  gas  production  and  predicted  that  it 
would  peak  at  2.84  tcm  in  2021;  Al-Jarri  and  Startzman  [21] 
forecasted  that  conventional  gas  production  would  peak  at 
2.72  tcm  in  2011  with  an  URR  of  186.08  tcm.  Al-Jarri  and  Startzman 

[22]  modeled  conventional  natural  gas  production  by  countries  and 
predicted  a  peak  at  2.62  tcm  in  2014-2017  with  URR  at  265.55  tcm; 

[23]  predicted  a  peak  at  2.34  tcm  in  2019  with  URR  at  243.42  tcm; 

[24]  modeled  conventional  gas  production  by  assuming  URR  to  be 
193.63  tcm,  and  predicted  a  peak  at  2.64  tcm  between  2008  and 
2014;  Laherrere  [25]  estimated  the  URR  to  be  264.04  tcm  and 
predicted  a  peak  production  at  3.52  tcm  in  2020.  By  comparing 
the  results  of  these  researches,  it  can  be  seen  that  the  difference 
among  the  predictions  of  peak  year  of  global  natural  gas  production 
is  mainly  due  to  the  different  URR  adopted,  and  most  of  these 
predictions  only  focus  on  conventional  gas.  Lin  and  Wang  [26]  also 
used  Logistic  and  Gaussian  curves  to  predict  China's  gas  peak,  and 
the  result  indicated  that  China's  gas  would  peak  in  early  2020s,  but 
the  prediction  is  only  on  conventional  gas. 

As  more  countries  are  close  to  their  conventional  gas  produc¬ 
tion  peak,  the  quest  for  low-carbon  path  and  the  success  of  the  U.S. 
shale  gas  revolution  has  increased  attention  on  the  development 
of  unconventional  natural  gas. 

Global  natural  gas  recoverable  reserves  are  estimated  at 
850  tcm  under  existing  technology  level,  of  which  unconventional 
natural  gas  (including  coalbed  methane,  tight  gas,  and  shale  gas) 
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account  for  45%  ([9]).  As  the  technology  evolves,  key  technical 
bottlenecks  will  be  removed.  Due  to  the  increasing  instability  in  oil 
prices  coupled  with  regional  instability,  unconventional  resources 
should  be  considered  as  a  bridging  option  between  rapidly 
depleting  conventional  resources  and  the  nascent  evolving  renew¬ 
able  and  thorium  (nuclear)  based  energy  sources  ([27]). 

Though  the  potential  of  unconventional  gas  has  been  known 
for  centuries,  with  the  first  shale  gas  wells  drilled  in  the  1820s. 
However,  it  is  only  with  recent  technological  improvements  that 
extracting  the  resources  has  become  economically  viable.  Among 
countries  that  have  developed  unconventional  natural  gas  earlier, 
the  U.S.  is  particularly  prominent.  The  low  exploitation  cost  of 
unconventional  gas  is  mainly  ascribed  to  the  development  and 
application  of  horizontal  drilling  and  hydraulic  fracturing  technology, 
and  more  importantly,  government's  preferential  policies. 

In  the  case  of  China,  there  are  suggestions  that  as  an  exhaus¬ 
tible  resource  and  due  to  environmental  issues,  unconventional 
natural  gas  should  not  be  exploited  in  large  scale.  However,  the 
present  reality  in  China  may  not  agree  with  these  suggestions. 
Firstly,  China  is  currently  experiencing  rapid  urbanization  and 
industrialization,  which  is  characterized  by  rigid  energy  demand, 
and  as  a  result,  the  dependence  on  foreign  fossil  fuel  including 
natural  gas  will  rise.  Secondly,  China's  natural  gas  prices  are  still 
government-guided,  and  domestic  gas  prices  are  substantially 
lower  than  international  natural  gas  prices.  Thus,  rising  depen¬ 
dence  on  foreign  gas  will  put  increasing  pressure  on  price.  There¬ 
fore,  the  debate  on  developing  unconventional  natural  gas  in 
China  is  worth  exploring. 

This  paper  attempts  to  forecast  China's  natural  gas  supply, 
including  conventional  and  unconventional  natural  gas  in  different 
scenarios  in  order  to  study  the  practical  significance  of  unconven¬ 
tional  gas  exploitation  and  provide  relevant  policies  for  developing 
unconventional  natural  gas. 

The  rest  of  this  paper  is  organized  as  follows.  The  second 
section  describes  the  amount  of  natural  gas  resources  in  China. 
The  third  section  predicts  China's  gas  supply  in  different  scenarios. 
The  fourth  section  predicts  China's  gas  demand  and  foreign 
dependence  using  Grey  method.  The  last  section  provides  the 
conclusions  and  suggestions. 


2.  China's  natural  gas  resources 

2.1.  Conventional  natural  gas 

As  mentioned  above,  the  difference  in  estimations  on  peak  year 
and  production  is  mainly  due  to  the  different  URR  used.  The 
estimations  of  global  natural  gas  URR  used  by  researchers  are  quite 
different,  and  the  comparison  is  shown  in  Table  1 .  It  can  be  seen 
that  the  estimations  vary  greatly  and  the  largest  URR  is  about 
twice  the  smallest.  Therefore,  in  forecasting  natural  gas  produc¬ 
tion,  it  is  important  to  set  appropriate  URR  scenarios. 

In  order  to  maintain  the  consistency  of  conventional  and 
unconventional  gas  URR,  this  paper  adopts  the  natural  gas  URR 
from  Ref.  [28],  which  was  given  in  L,  BG  and  H  scenarios.  Table  2 
shows  the  conventional  gas  URR  of  China  in  these  three  different 


Table  1 

World’s  conventional  natural  gas  URR  estimations  of  different  studies  (tcm). 
Source :  [28], 


Al-Fattah  and 

Campbell  and 

IEA  [9] 

Imam 

Laherrere 

Startzman  [22] 

Heaps  [20] 

et  al.  [24] 

[25[ 

265.55 

254.73 

435.29 

243.42 

265.30 

Table  2 

Conventional  gas  URR  in  different  scenarios  (tcm) 
Source:  [28]. 


Region 

L 

BG 

H 

World 

269.32 

324.89 

460.68 

China 

5.28 

5.28 

12.82 

scenarios,  and  it  can  be  seen  that  China’s  conventional  gas 
accounts  for  about  2-3%  in  the  conventional  gas  URR  of  the  world. 

2.2.  Unconventional  natural  gas 

China's  Ministry  of  Land  and  Resources  made  a  conservative 
estimate  of  its  total  recoverable  unconventional  gas  reserves  at 
15-30  tcm,  while  the  estimations  of  EIA  and  IEA  are  more 
optimistic  at  36  tcm  and  50  tcm  respectively  ([3]). 

Unconventional  natural  gas  consists  mainly  of  shale  gas, 
coalbed  methane,  and  tight  gas.  So  we  start  the  study  by  analyzing 
the  three  gases  separately. 

2.2.1.  Shale  gas 

China's  technically  recoverable  shale  gas  resource  is  36.1  tcm. 
Natural  gas  resource  of  the  U.S.  amounts  to  72.01  tcm,  with 
technically  recoverable  shale  gas  resource  at  24.41  tcm,  accounting 
for  34%  of  the  total.  Shale  gas  will  make  the  largest  contribution  to 
total  natural  gas  output.  It  will  account  for  46%  of  total  natural  gas 
production  in  the  U.S.  by  2035  ([29]). 

China's  shale  gas  resource  is  richer  than  that  of  the  U.S.  But 
unlike  the  U.S.,  the  prospects  of  China's  shale  gas  may  not  be  so 
optimistic.  There  are  many  impediments:  poorer  geological  con¬ 
ditions,  mining  right,  shortage  of  water,  higher  degree  of  govern¬ 
ment  regulation,  immature  natural  gas  industry  development 
pattern,  as  well  as  higher  degree  of  monopoly  in  the  oil  and  gas 
industry.  Till  now,  there  is  little  shale  gas  production  in  China. 

Shale  gas  in  China  is  still  at  the  initial  stage  as  resource 
exploration  and  exploitation  has  not  been  adequately  carried 
out.  Estimations  of  China's  shale  gas  resources  vary  greatly,  as 
shown  in  Table  3. 

The  prediction  of  China's  natural  gas  production  also  requires 
unconventional  natural  gas  URR.  For  consistency,  shale  gas  URR  is 
adopted  from  Ref.  [28],  which  is  14.33  tcm  (in  all  three  scenarios), 
and  accounts  for  about  15-24%  of  world  shale  gas  URR. 

2.2.2.  Coalbed  methane 

Coalbed  methane  has  proven  to  be  a  major  unconventional 
resource  over  the  past  few  decades.  Coalbed  methane  accounts  for 
approximately  9.5%  of  the  total  gas  production  and  reserves  in  the 
USA  ([31]). 

China  has  rich  coalbed  methane  resource.  The  estimation  of 
coalbed  gas  resource  for  a  particular  region  tends  to  vary  in 
different  studies,  and  this  can  be  shown  in  Table  4.  According  to 
[32],  coalbed  methane  resources  in  China  ranked  third  in  the 
world,  following  Russia  and  Canada.  China’s  coalbed  methane  area 
amounted  to  4.15  million  square  meters.  The  coalbed  methane 
reserves  within  2000  m  amounted  to  about  36.8  tcm,  within 
1000  m  amounted  to  14.3  tcm  (recoverable  reserves  about 
6.3  tcm),  within  1000-1500  m  amounted  to  10.6  tcm,  and  within 
1500-2000  m  amounted  to  11.9  tcm. 

Coalbed  methane  development  in  China  started  early,  begin¬ 
ning  in  the  early  1980s.  However,  due  to  funding,  technology, 
policy  and  market  constraints  coupled  with  other  factors,  its 
development  has  been  slow.  In  recent  years,  there  have  been 
series  of  development  policies.  According  to  [33],  in  2009  coalbed 
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Table  3 

Shale  gas  resource  estimation  in  different  studies. 
Source:  [30]. 


Region 

Resource  (tcm) 

Reference 

Year 

China 

100 

Rogner 

1997 

Center  Asia  and  China 

99.9 

Kawata  and  Fujita 

2001 

Chian  (Main  Region) 

15-30 

Colorado  School  of  Mines:John  B.  Curtis 

2002 

China 

35 

Reserch  Institute  of  Petroleum  Exploration  and  Development 

2008 

Table  4 

Coalbed  methane  resource  estimation  in  different  studies  (tcm). 

Source:  [28]. 

Region 

Resource(tcm) 

Reference 

Year 

world 

237.63 

Campbelland  Heaps 

2009 

China 

26.4 

world 

79.69-264.24 

Aluko 

2001 

China 

27.96-51.27 

world 

77.98-245.66 

Boyer  and  Qinghao 

1998 

China 

27.99-32.74 

world 

127.49-349.26 

Cramer  et  al. 

2009 

China 

31.68-34.3 

world 

93.47-201.47 

Kuuskra  and  Stevens 

2009 

China 

18.48-33.55 

Table  5 

China's  coalbed  methane  URR  of  different  scenarios  (tcm). 
Source:  [28], 


L 

BG 

H 

2.77 

8.05 

31.68 

Table  6 

China's  tight  gas  URR  of  different  scenarios  (tcm). 
Source:  [28], 


L 

BG 

H 

1.51 

4.02 

10.31 

methane  production  amounted  to  1.33  bcm;  and  China's  ground 
coalbed  methane  production  capacity  reached  3.5  bcm  in  2010, 
but  yield  was  only  1.5  bcm.  Coal  mine  gas  drainage  reached 
6.17  bcm  in  2009,  with  an  average  annual  growth  rate  of  28%. 
China’s  coalbed  methane  pipeline  construction  also  started,  and 
4  long-distance  pipeline  have  already  been  built  or  under  construc¬ 
tion  with  a  total  length  of  280  km  and  annual  gas  transmission 
capacity  of  5.5  bcm.  However,  compared  to  conventional  gas  produc¬ 
tion,  China's  coalbed  methane  production  is  still  small. 

For  consistency,  the  estimations  of  coalbed  methane  URR  in 
China  in  L,  BG,  H  scenarios  are  also  from  Ref.  [28]  and  shown  in 
Table  5.  It  can  be  seen  that  the  URR  differs  significantly  in  different 
scenarios,  and  China’s  coalbed  methane  URR  accounts  for  about 
13-24%  of  world  total  coalbed  methane  URR. 


2.2.3.  Tight  gas 

Tight  gas  is  also  called  tight  sandstone  gas,  and  it  exists  in 
almost  all  oil  gas  area.  It  was  first  found  in  the  San  Juan  basin  in 
the  U.S.  in  1927,  and  the  large  Elm  Voss  compact  sandstone  gas 
field  was  discovered  in  Canada  Alberta  basin  western  deep 
depressions  in  the  North  in  1976.  Since  1971  when  Zhongba  Gas 


Field  was  discovered,  China  had  begun  to  gradually  and  system¬ 
atically  study  the  tight  sandstone  gas  field. 

China's  tight  gas  resource  is  more  than  120  tcm,  and  the 
reservoirs  are  mainly  distributed  in  the  Sichuan  Basin,  Erdos  Basin, 
Songliao  Basin,  Bohai  Bay  Basin,  Qaidam  Basin,  Tarim  Basin,  and 
Junggar  Basin  ([34]). 

We  estimate  the  natural  gas  output  in  L,  BG,  and  H  scenarios, 
and  the  tight  gas  URR  estimations  in  these  scenarios  are  also  from 
[28]  and  shown  in  Table  6  It  accounts  for  about  6-8%  of  the  world’s 
tight  gas  URR. 


3.  Predictions  of  China's  natural  gas  production  in  different 
scenarios 

Logistic  curve  has  been  widely  used  to  model  population 
growth,  and  [35]  used  it  to  model  oil  production.  Gaussian  curve 
shares  a  similar  theoretical  basis  as  the  Logistic  curve.  That  is  the 
Central  Limit  Theorem,  which  states  that  a  sufficiently  large 
number  of  independent  random  variables,  each  with  finite  mean 
value  and  variance,  will  follow  the  approximately  normal  distribu¬ 
tion  ([36]).  Bartlett  [37]  used  both  Gaussian  and  Logistic  curve  to 
fit  historical  data  of  the  oil  production  of  the  U.S.  and  the  world. 
Brandt  [38]  used  six  models  (Hubbert,  Linear,  Exponential,  Asym¬ 
metrical  Hubbert,  Asymmetrical  Linear,  Asymmetrical  Exponen¬ 
tial)  to  test  Hubbert's  peak  theory;  and  by  comparing  the  results  of 
the  three  symmetric  models,  Brandt  [38]  pointed  out  that  Hubbert 
model  is  the  most  widely  applicable  model,  as  no  more  than  half 
of  the  regions  can  be  well  described  by  the  linear  or  exponential 
models.  However,  when  attempting  to  understand  previous  pro¬ 
duction,  symmetric  models  are  not  satisfying,  but  they  can  be 
relatively  more  useful  in  prediction.  Lin  and  Liu  [12]  predicted  coal 
peak  in  China  by  using  the  Logistic  and  Gaussian  curves.  Lin  and 
Wang  [26]  also  predicted  gas  (mainly  conventional  gas)  peak  by 
using  the  Logistic  and  Gaussian  curves,  and  the  results  of  the  two 
methods  differ  modestly. 

Logistic  curve  model  fits  historical  data  to  standard  Logistic 
functions,  and  URR  is  adopted  as  the  up  limit  of  total  yields. 
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In  Eq.  (1),  Q.  is  cumulative  gas  production,  URR  equals  cumu¬ 
lative  of  historical  production  plus  remaining  recoverable  reserves; 
t  is  year,  tmax  is  the  year  of  peak;  w  is  a  parameter.  We  adjust 
tmax  and  w  so  as  to  minimize  the  residual  sum  of  squares 
between  the  fitting  and  observed  values.  Then  the  tmax  is  peak 
time,  and  the  production  of  that  year  is  peak  production. 

In  this  part,  the  URR  of  China's  conventional  and  unconven¬ 
tional  natural  gas  and  Logistic  curve  model  will  be  used  to  study 
China’s  natural  gas  supply  trend.  The  historical  consumption  data 
comes  from  China  Economic  Information  Network. 

As  the  exploitation  technology  of  the  different  types  of  natural  gas 
is  different,  it  is  reasonable  to  predict  the  production  of  the  different 
types  of  natural  gas  separately.  As  the  development  of  China's 
unconventional  natural  gas  is  in  the  initial  stage,  the  exploration 
results  of  the  resources  are  largely  inaccurate  while  the  annual 
output  data  is  scarce.  Thus,  we  make  some  assumptions. 

In  1990,  China’s  conventional  natural  gas  production  accounted 
for  95.1%  of  total  output  and  tight  gas  production  accounted  for 
only  4.9%.  Conventional  natural  gas  accounted  for  84.7%  in  2000 
while  the  contribution  of  tight  gas  rose  to  15.3%  in  the  same 
period.  In  2010,  tight  gas  accounted  for  24.6%  of  total  gas  output, 
and  it  has  been  the  main  support  for  the  rapid  increase  in  natural 
gas  production  in  recent  years.  From  the  view  of  technology  and 
the  mining  conditions,  the  development  of  tight  gas  is  the  most 
realistic,  as  it  is  of  great  certainty. 

The  development  of  China's  shale-gas  industry  has  progressed 
over  the  past  few  years,  “but  far  more  remains  to  be  done  than  has 
been  accomplished  if  the  nation's  ambitious  production  targets  are 
to  be  met.  Here  is  a  quick  rundown  on  the  status  of  the  industry 
and  the  daunting  challenges  ahead”([39]).  Because  of  the  uncer¬ 
tainty  in  shale  gas  development,  and  the  characteristics  of  China's 
coalbed  methane  resource  endowments,  priority  is  given  to 
coalbed  methane  development  than  shale  gas.  According  to  the 
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Fig.  1.  Logistic  predictions  of  China's  conventional  natural  gas  production. 


logistic  curve  (L:URR=  1.5 Item)  logistic  curve  (BG:URR=4.02tcm) 

logistic  curve  (H:URR=10.31tcm)  ■  historical  production 


Fig.  2.  Logistic  predictions  of  China's  tight  gas  production. 


“12th  Five-Year  Plan"  of  coalbed  methane  and  shale  gas,  the 
annual  production  of  shale  gas  in  China  will  reach  6.5  bem,  while 
that  of  coal  bed  methane  will  be  30  bem,  about  five  times  that  of 
shale  gas,  in  2015.  According  to  the  plan,  it  is  also  said  that  China 
will  make  effort  to  produce  60-100  bem  shale  gas  in  2020.  For 
such  plan,  it  is  generally  believed  that  6.5  bem  shale  gas  produc¬ 
tion  in  2015  can  be  basically  achieved,  but  the  2020  target  faces 
a  lot  of  difficulty.  In  April  2011,  the  first  domestic  shale  gas 
horizontal  well  was  completed  in  Weiyuan  County,  Sichuan. 

As  the  historical  production  data  of  natural  gas  in  China  include 
conventional  and  tight  gas,  we  split  the  data  into  two  parts  and 
predict  the  production  of  conventional  gas  and  tight  gas  sepa¬ 
rately.  The  results  are  shown  in  Figs.  1  and  2. 

For  coalbed  methane  production  to  reach  30  bem  in  2015,  it 
needs  to  maintain  an  average  annual  growth  of  33%.  With  the 
strong  planning  support,  we  assume  that  the  increase  can  be 
sustained  till  2020.  Given  that  it  is  feasible  to  reach  the  goal  of 
6.5  bem  shale  gas  production  in  2015  while  the  2020  goal  is 
uncertain,  we  set  3  scenarios:  10%,  30%  and  50%  average  growth 
rate  between  2015  and  2020.  We  predict  coal  bed  methane  and 
shale  gas  production  with  these  assumptions  and  using  the 
Logistic  curve.  The  results  are  shown  in  Fig.  3  and  4.  Peak  year 
and  production  of  the  different  gases  are  shown  in  Table  7. 

The  total  production  of  the  different  kinds  of  natural  gas  is 
shown  in  Fig.  5.  For  comparison  purpose,  the  production  of 
conventional  natural  gas  in  L/BG  scenario  is  also  shown  in  Fig.  5. 
It  can  be  seen  that  the  exploitation  of  unconventional  gas  will 
significantly  increase  the  annual  natural  gas  production,  and  delay 
the  arrival  of  the  peak  year. 

If  the  production  of  each  gas  can  be  reached  in  L  scenario,  there 
may  be  two  peaks.  Conventional  gas,  tight  gas,  coalbed  methane 
and  shale  gas  production  would  increase  until  about  2025.  After 
the  peak  of  the  other  kinds  of  gas,  shale  gas  production  still 


logistic  curve  (L:URR=2.77tcm) 
logistic  curve  (BG:URR=8.05tcm) 
logistic  curve  (H:URR=31.68tcm) 

■  historical  production: with  production  growth  rate  of  33%  between  2012-2020 
Fig.  3.  Logistic  predictions  of  China's  coalbed  methane  production. 


logistic  curve  (L:with  growth  rate  of  10%  between  2012-2020) 
logistic  curve  (BG:with  growth  rate  of  30%  between  2012-2020) 
logistic  curve  (H:with  growth  rate  of  50%  between  2012-2020) 

♦  historical  production: with  production  growth  rate  of  10%  between  2012-2020 
■  historical  production: with  production  growth  rate  of  30%  between  2012-2020 


Fig.  4.  Logistic  predictions  of  China's  shale  gas  production. 
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Table  7 

Peak  year  and  peak  production  predictions  of  different  gases. 


Gas  item 

Conventional  gas 

Tight  gas 

Scenario 

L 

BG 

H 

L 

BG 

H 

Peak  year 

2025 

2025 

2035 

2020 

2030 

2040 

Peak  production(bcm) 

164.79 

164.79 

355.75 

75.25 

133.80 

321.77 

Gas  item 

Coal  bed  methane 

shale  gas 

Scenario 

L 

BG 

H 

L 

BG 

H 

Peak  year 

2025 

2030 

2040 

2055 

2050 

2043 

Peak  production(bcm) 

228.72 

500.52 

1316.95 

510.92 

510.92 

595.71 

Gas  item 

Total 

Scenario 

L 

BG 

H 

Peak  year 

2025 

2055 

2031 

2041 

Peak  production(bcm) 

481.14 

527.01 

893.33 

2535.10 

logistic  curve  L 

—  logistic  curve  BG 
logistic  curve  H 

—  logistic  curve  (conventional  gas,L/BG  !  URR=5.28tcm) 
Fig.  5.  Logistic  predictions  of  China's  total  gas  production. 


conventional  gas(BG) 

'  conventional  gas(BG)+tight  gas(BG) 
conventional  gas(BG)+tight  gas(BG)+coalbed  methane(BG) 

- conventional  gas(BG)+tight  gas(BG)+coalbed  methane(BG)+shale  gas(BG) 

Fig.  6.  Logistic  predictions  of  China's  total  gas  production  in  different  develop 
scenarios. 

increase,  though  the  increase  could  not  offset  the  decrease  in  the 
other  kinds  of  gas.  After  about  2035  though  conventional  gas,  tight 
gas  and  coalbed  methane  production  are  falling,  the  increase  in 
shale  gas  production  would  be  significant  enough  to  keep  the 
trend  up  until  about  2055.  While  in  the  BG  scenario,  conventional 
gas  would  first  reach  its  production  peak  in  about  2025  while 
unconventional  gas  production  would  still  increase.  The  increase 
in  the  latter  can  offset  the  decrease  in  conventional  gas,  and  the 
total  gas  production  would  peak  at  893.33  bcm  in  early  2030s.  In 
the  H  scenario,  the  URR  of  total  gas  is  about  69.14  tcm,  more  than 
twice  the  BG  URR  (31.68  tcm).  The  total  production  in  the 
H  scenario  would  peak  with  about  2535.1  bcm  in  early  2040s, 
and  the  peak  production  would  be  about  three  times  the  peak 
production  in  the  scenario  BG. 

For  better  comparison,  we  also  present  the  predictions  of 
different  development  scenarios,  as  shown  in  Fig.  6  (the  URR 
and  shale  gas  development  are  both  in  BG  scenarios).  If  only 
conventional  gas  is  developed,  China’s  gas  production  would  peak 
at  164.79  bcm  in  2025.  If  conventional  and  tight  gases  are  jointly 


developed,  the  peak  at  291.28  bcm  can  be  delayed  to  2028.  If 
adequate  support  is  provided  towards  the  development  of  coalbed 
methane,  the  peak  at  786.89  bcm  can  be  delayed  to  2030.  If  the 
production  of  shale  gas  can  be  added,  the  peak  at  893.33  bcm  can 
be  delayed  to  2031.  After  the  peak,  gas  production  would  decline 
gradually  and  the  share  of  shale  gas  in  total  gas  production  would 
be  increase.  From  a  practical  point  of  view,  the  development  of 
tight  gas  is  of  more  certainty.  If  coalbed  methane  and  shale  gas 
could  be  developed  smoothly  and  simultaneously  according  to 
plan,  production  peak  year  would  delay,  and  there  will  be 
substantial  increase  in  production.  This  will  have  major  implica¬ 
tions  for  natural  gas  consumption  and  energy  security  in  China. 


4.  Prediction  of  China's  natural  gas  demand  and  import  trend 

4.3.  Grey  model 

Grey  theory  is  used  for  dealing  with  the  problem  of  data  scarcity 
with  many  influencing  factors.  By  using  GM(1,1)  calculation,  Grey 
model  predicts  by  extending  the  existing  trend  to  the  future.  In  order 
to  get  reliable  results,  modeling  requires  complete  information. 
However,  in  a  grey  system  we  do  not  have  complete  information. 
In  order  to  solve  this  contradiction,  grey  modeling  data  are  required 
to  follow  the  law  of  grey  information  and  clear  result.  Taking  natural 
gas  demand  forecasts  as  an  example,  natural  gas  consumption  is  the 
basic  data  required.  Natural  gas  terminal  consumption  includes 
residential,  commercial,  chemical,  and  power  generation  uses,  and 
is  therefore  influenced  by  many  factors,  while  annual  natural  gas 
consumption  is  specific,  so  the  demand  prediction  of  natural  gas 
follows  the  law  of  grey  theoiy. 

Zhou  et  al.  [40]  have  also  forecasted  natural  gas  demand  using 
the  grey  model  and  historical  data  between  1990  and  2004.  Ma 
and  Wu  [41]  used  dynamic  GM(1,1)  model  of  the  grey  theory  to 
forecast  natural  gas  consumption  and  production  in  China.  Intro¬ 
ducing  two  kinds  of  basic  forecasting  methods  -  grey  forecast  and 
one-element  linear  regression,  and  in  combination  with  the  actual 
situation  of  coal  mines,  Jing  et  al.  [42]  predicted  the  amount  of  gas 
emission  and  compared  the  accuracy  of  the  forecast  value  of  the 
two  methods.  The  results  showed  that  the  model  GM(1,1)  of  the 
grey  forecast  is  better  than  the  one-element  linear  regression  in 
accuracy  of  forecast  value. 

In  grey  model,  time  series  X(0)has  n  observations,X(0,  = 
{X(0)(1),X(0)(2),  ...,X(0)(n)},  generating  new  sequence  by  accumula¬ 
tion:  X(1)  =  {X(1)(l), X(1,(2).  -,Xn)(n)}, 

^>+1,  =  xS+<)+i)  '<  =  0.1, 2,. ..n.  (2) 
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Table  8 

Relative  error  of  different  GM  (1, 1)  model  prediction. 


Data  series 

1980-2010 

1991-2010 

1993-2010 

1994-2010 

1996-2010 

2001-2010 

Parameter  estimation 

-0.11 

-0.14 

-0.14 

-0.14 

-0.15 

-0.16 

P 

-9.20 

45.90 

65.02 

76.49 

105.38 

229.70 

Max  relative  error  (%) 

94.19 

50.69 

45.05 

59.32 

68.10 

95.70 

Min  relative  error  (%) 

17.92 

4.24 

0.30 

1.03 

0.32 

0.23 

Average  relative  error  (%) 

83.97 

22.42 

14.81 

13.12 

10.16 

12.83 

history  consumption  demand  forecast 


Fig.  7.  Prediction  of  China's  natural  gas  demand  based  on  Grey  model. 


-  foreign  dependence(conventional+tight  gas+50%  coalbed  methane) 

-  foreign  dependence^ on ventional+tight  gas+50%  coalbed  methane+shale  gas) 

Fig.  8.  Trend  predictions  of  China's  natural  gas  foreign  dependence. 


the  corresponding  differential  equation  GM(1,1)  model  is: 


dX(1) 

dt 


+  aXa> 


=  A 


(3) 


where  a  is  called  the  development  grey  number;  p  is  known  as 
endogenous  control  grey  number.  Sis  set  as  an  unknown  parameter 
vector  to  be  estimated,  andS  =  ( a,p)T ,  and  can  be  obtained  by  using 
the  least  square  method.  The  solution  is  as  follows: 


a  =  (BTB)-'BTYn 

B  =  -z(*S+*S)’  1 

y  ~  2^(n)+'^(n)-l))>  1  y 

Y—  ry(°)  v(0)  i  Y(()1  C 
‘  ~  'A(2)’A(3)’  !A(n)  * 

Based  on  eqs.  (5)  and  (6),  a 
the  prediction  model: 


(4) 

(5) 

(6) 

can  be  obtained  and  we  can  get 


Xa,(/c+l)=  [x(0)(l)--le_“k+-,  fe  =  0,1,2... ,n. 

L  aJ  a 

The  forecast  ofX<0>(k+l)  can  be  obtained  from  Eq.  (7) 


(7) 


China's  natural  gas  consumption  data,  we  evaluate  GM(1,1)  model 
with  31,  20, 18, 17, 15  and  10  observations  over  1980-2010, 1991- 
2010,  1993-2010,  1994-2010,  1996-2010  and  2001-2010  respec¬ 
tively.  The  estimations  of  S  for  each  set  of  observations  are  shown 
in  Table  8.  Considering  relative  error  (shown  in  Table  8),  we  select 
GM(1,1)  model  with  18  observations  over  1993-2010  to  predict 
China's  future  demand  for  natural  gas,  and  the  result  is  shown  in 
Fig.  7. 

According  to  the  prediction  of  this  paper,  China's  natural  gas 
demand  would  be  185.5  bcm  in  2015,  and  376.12  bcm  in  2020,  and 
the  average  growth  rate  between  2012  and  2030  will  be  about 
15.18%.  IEA  [43]  predicted  that  China's  natural  gas  demand  would 
be  twice  that  of  2007  (69.52  bcm),  making  the  IEA's  prediction  of 
China’s  natural  gas  demand  in  2015  to  be  about  140  bcm.  Accord¬ 
ing  to  the  forecast  of  China's  National  Energy  Board,  China's  gas 
demand  in  2020  would  be  153.4  bcm.  In  the  “12th  Five-Year  Plan" 
for  natural  gas,  it  is  predicted  that  China's  gas  consumption  would 
be  230  bcm  in  2015  and  300-450  bcm  in  2020.  Considering  the 
historical  growth  rate  of  China's  gas  consumption  (11.77%  on 
average  between  1993  and  2010,  16.07%  on  average  between 
2001-2010)  and  the  quest  for  low-carbon  development,  the 
prediction  of  this  paper  is  reasonable. 


4.3.  Prediction  of  China’s  natural  gas  import  trends 


XC°\k+l)=X°\k+l)-Xm(k)  (8) 

4.2.  China's  natural  gas  demand  prediction 

In  our  model,  X(0) represents  historical  data  of  natural  gas 
consumption,  and  X(  11  represents  new  sequence  by  accumulation. 
Based  on  the  estimation  of  a  from  Eqs.  (4),  (5)  and  (6),  we  get  the 
prediction  Eq.  (7),  and  by  extending  n,  we  get  the  prediction  of 
future  gas  demand  from  Eqs.  (7)  and  (8). 

Grey  prediction  model  is  more  sensitive  to  the  length  of  the 
data.  If  the  series  are  short,  certain  information  may  be  missed  but 
the  predicted  results  will  fit  the  original  data  better.  If  the  series 
are  long,  the  original  data  contains  more  information  but  the 
predicted  results  may  poorly  fit  the  original  data.  Thus  using 


Based  on  the  predictions  of  China's  gas  production  in  different 
scenarios  and  the  forecast  of  gas  demand,  we  obtain  net  gas 
import  trends  of  China.  The  predictions  of  China's  foreign  gas 
dependence  is  calculated  by  Eq.  (9)  and  shown  in  Fig.  8. 

foreign  dependence  =  (consumption  -  production)/consumption 

(9) 

As  China's  gas  consumption  is  expected  to  rapidly  increase  for 
many  years,  foreign  dependence  will  increase  in  the  next  two 
decades  as  Fig.  8  shows.  According  to  Fig.  8,  if  only  conventional 
gas  is  developed,  China's  foreign  gas  dependence  would  be  41%  in 
2015  (about  twice  the  level  in  2012),  61%  in  2020  and  78%  in  2025. 
If  conventional  gas  and  tight  gas  are  developed  together,  which  is 
a  possibility,  foreign  dependence  would  be  about  38%  in  2020  and 
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63%  in  2025.  If  coalbed  methane  (it  should  be  noticed  that  because 
of  low  concentration,  dispersed  extraction  etc.,  the  consumption  of 
coal  bed  methane  cannot  be  100%,  and  the  current  utilization  is 
less  than  50%  in  China.  Here  we  assume  that  the  utilization  is  50%) 
and  shale  gas  can  be  developed  as  expected,  foreign  dependence 
can  be  reduced  to  14%  in  2020  and  35%  in  2025. 

Due  to  the  large  size  and  the  continuing  process  of  urbaniza¬ 
tion  and  industrialization,  China's  gas  consumption  is  expected  to 
increase  substantially.  At  the  same  time,  with  the  promotion  of 
low  carbon  development,  rapid  growth  of  China's  natural  gas 
consumption  and  foreign  dependence  is  certain. 

China's  imported  gas  mainly  includes  pipeline  gas  and  LNG 
(Liquid  Natural  Gas).  Pipeline  gas  mainly  comes  from  Central  Asia 
and  the  Far  East,  while  LNG  mainly  comes  from  Asia-Pacific  and 
the  Middle  East.  Currently  global  pipeline  gas  trading  is  mainly 
concentrated  in  Western  Europe,  while  LNG  trading  is  concen¬ 
trated  in  the  Atlantic  region.  Substantial  increase  in  China’s 
demand  for  natural  gas  will  not  only  have  impact  on  the  interna¬ 
tional  natural  gas  market,  but  will  also  threaten  her  gas  supply 
security  due  to  geopolitical  risks. 

The  most  urgent  issue  in  rising  foreign  gas  dependence  for 
China  is  gas  price.  In  recent  years,  there  have  been  some  fluctua¬ 
tions  in  the  international  market  price  of  natural  gas,  but  the 
overall  trend  of  international  prices  of  natural  gas  is  rising, 
especially  in  the  long  run.  Compared  to  oil,  natural  gas  is  difficult 
to  store  and  replace  in  the  short-term.  With  the  continuous 
increase  in  China's  foreign  gas  dependence,  price  control  of 
exporting  countries  will  increase.  For  example,  as  a  result  of  the 
gas  shortage  in  the  end  of  2009,  China's  major  oil  companies  had 
to  buy  LNG  from  the  international  market  at  high  prices. 

On  the  other  hand,  the  domestic  natural  gas  pricing  mechanism 
is  not  perfect.  China's  current  gas  prices  are  government-guided, 
and  domestic  natural  gas  prices  are  relatively  fixed  and  generally 
lower  than  international  prices.  The  price  mechanism  results  in 
China's  natural  gas  import  prices  higher  than  domestic  natural  gas 
prices.  Without  reform,  a  long-term  price  distortion  will  create 
serious  problems  for  the  operation  and  sales  of  natural  gas  in  China. 

Because  of  the  development  of  unconventional  gas,  natural  gas 
production  of  the  U.S.  will  grow  steadily  at  56%  and  U.S.  pipeline 
imports  from  Canada  will  fall  by  30%  between  2012  and  2040 
([44]).  For  China,  based  on  the  comparisons  of  the  estimations  of 
different  scenarios,  it  is  clear  that  under  any  scenario  the  best 
option  is  to  accelerate  the  development  of  unconventional  natural 
gas  before  completion  of  gas  price  reform,  and  2030  when  energy 
demand  will  significantly  increase  because  of  urbanization  and 
industrialization. 


5.  Conclusions  and  suggestions 

The  estimations  of  natural  gas  reserves  are  quite  different  in 
many  studies.  As  the  current  study  shows,  peak  production  in  high 
URR  scenario  can  be  many  times  higher  than  that  of  peak 
production  of  low  URR  scenario.  However,  under  any  scenario, 
unconventional  gas  URR  is  about  three  to  four  times  of  conven¬ 
tional  natural  gas  URR  in  China.  The  study  results  suggest  that  the 
exploitation  of  unconventional  natural  gas  will  significantly 
increase  the  annual  output  of  China's  gas,  delay  the  peak  year, 
secure  China's  natural  gas  supply,  and  reduce  the  country’s 
dependence  on  foreign  natural  gas. 

At  the  same  time,  in  the  face  of  concern  over  greenhouse  gas 
emission  reduction,  and  to  achieve  low-carbon  transformation  and 
ensure  energy  security,  developing  unconventional  natural  gas  is 
an  inevitable  choice. 

China's  natural  gas  prices  are  lower  than  import  gas  price. 
Higher  cost  of  imported  gas  and  lower  terminal  price,  rapid 


growth  of  gas  consumption,  and  increasing  dependence  on  foreign 
gas  will  increase  pressure  on  the  need  for  natural  gas  price  reform. 
The  National  Development  and  Reform  Commission  issued  a 
notice  in  December  2011,  and  decided  to  carry  out  the  pilot  reform 
of  natural  gas  price  mechanism  in  Guangdong  Province  and 
Guangxi  Autonomous  Region.  However,  natural  gas  price  reform 
will  predictably  face  a  lot  of  challenges,  with  the  main  one  being 
how  to  cope  with  the  situations  that  will  be  experienced  during 
the  market-oriented  process.  The  price  of  natural  gas  will  increase 
substantially.  Therefore,  unconventional  natural  gas  development 
is  necessary  as  it  can  partially  limit  the  price  rise  associated  with 
natural  gas  pricing  reform. 

Compared  with  other  countries,  China's  unconventional  natural 
gas  exploration  and  exploitation  technology  is  relatively  backward 
and  incur  higher  costs.  One  key  reason  is  the  lack  of  continuous 
government  policy  support,  resulting  in  enterprises  not  having 
enough  financial  support  and  thus  having  no  enthusiasm  to 
implement  the  development  and  utilization  of  unconventional 
natural  gas.  With  continuous  increase  in  imported  oil  dependence 
and  increasing  competition  in  the  exploitation  and  utilization  of 
unconventional  natural  gas,  the  bottlenecks  in  geology,  technology 
and  infrastructure  development  will  be  eliminated,  and  the 
government  will  introduce  specific  policies  to  encourage  uncon¬ 
ventional  natural  gas  development. 

When  it  comes  to  the  order  of  development,  based  on  the 
historical  data  and  our  study,  tight  gas  should  be  first.  Dai  et  al. 
[45]  has  also  pointed  that  tight  gas  should  be  given  priority  in 
unconventional  gas  exploration  and  exploitation  in  China.  Con¬ 
sidering  cost  and  technology  issues,  the  development  of  coalbed 
methane  should  also  be  given  priority  ahead  of  shale  gas.  1EA  [46] 
also  pointed  that  the  production  of  unconventional  gas,  primarily 
shale  gas,  will  more  than  triple  to  1.6  trillion  cubic  meters  in  2035, 
which  will  account  for  nearly  two-thirds  of  incremental  gas  supply 
over  the  period  while  the  share  of  unconventional  gas  in  total  gas 
output  will  rise  from  14%  to  32%  in  2035.  Most  of  the  increase  will 
come  after  2020,  as  time  is  needed  to  establish  a  commercially 
viable  industry.  Zhao  et  al.  [47]  also  proposed  the  specific  strate¬ 
gies  for  the  development  of  shale  gas  in  China. 

There  are  some  concerns  in  the  production  process  as  uncon¬ 
ventional  gas  is  an  intensive  industrial  process,  and  generally 
imposes  a  larger  environmental  footprint  than  conventional  gas 
development.  Verrastro  [48]  pointed  that  failure  to  manage  some 
of  the  impacts  surrounding  the  development  of  this  resource  at 
scale  could  seriously  hamper  efforts  to  fully  realize  the  benefits. 
The  impacts  include  water  concerns,  issues  surrounding  the  public 
disclosure  of  the  composition  of  fracking  fluids,  the  “industrializa¬ 
tion”  of  rural  areas  during  development  process,  local  issues 
related  to  widely  differing  lease  arrangements,  and  population 
density.  According  to  [13,49],  there  is  need  to  pay  special  attention 
to  the  environmental  risk  and  properly  ensure  environmental 
protection.  IEA  [46]  treats  these  aspirations  and  anxieties  with 
equal  seriousness,  and  pointed  out  that  although  a  bright  future 
for  unconventional  gas  is  far  from  assured,  numerous  hurdles  need 
to  be  overcome,  especially  the  social  and  environmental  concerns. 
The  industry  needs  to  commit  to  apply  the  highest  practicable 
environmental  and  social  standards  at  all  stages  of  the  develop¬ 
ment  process.  This  cannot  rely  on  the  enterprises'  consciousness, 
and  three  measures  (laws  and  regulations,  government  regulation, 
and  fines)  need  to  be  implemented  at  the  same  time. 
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